We perform molecular dynamics simulations to investigate the shear dynamics of hydration water nanoconfined between two mica surfaces at 1 bar pressure and 298 K. Newtonian plateaus of shear viscosity comparable to the bulk value for different hydration layers D 0:92-2:44 nm are obtained. The origin of this persistent fluidity of the confined aqueous system is found to be closely associated with the rotational dynamics of water molecules, accompanied by fast translational diffusion under this confinement. DOI: 10.1103/PhysRevLett.94.026101 PACS numbers: 68.08.-p, 61.20.-p, 81.40.Pq The dynamics and shear properties of nanoconfined aqueous systems are of considerable interest in many areas ranging from clay swelling [1], colloidal stability [2] to biolubrication [3] , and nanotribology [4] . These properties of confined water under naturally occurring conditions are also critical in many biological processes in biomolecular systems, such as water transport through ion channels and through crowded intracellular environment [5, 6] . Early experimental studies [7] on surface forces between molecularly smooth mica sheets in high concentration salt solutions showed that such aqueous electrolyte solutions exhibited strong short-range repulsive hydration forces when confined within a few nanometers, which dominated the double layer repulsion and van der Waals attraction forces [Derjaguin-Landau-Verwey-Overbeek (DLVO) theory] [8]. Very recently, surface force balance (SFB) experiments on the shearing of electrolyte solutions confined between two mica surfaces demonstrate that the fluidity of the surface-attached hydration layers persists even under extreme confinement D < 1:0 nm [9]. Highly purified water (conductivity water) confined to films in the range 3.5-0 nm thickness has also been found to have a viscosity within a factor of 3 of the bulk value during the ''jumpinto '' contact [10]. This contrasts markedly with the behavior of nonassociative organic films, in which according to both experiments [11] and simulations [12] , viscosity increases by many orders of magnitude when confined to films thinner than about 5-8 molecular layers. This persistent fluidity of water under extreme confinement when compared to nonaqueous solvents is very surprising: in order to probe the origin of this unexpected behavior, in the present study we perform molecular dynamics (MD) simulations of water nanoconfined between moving mica sheets. Our MD results reveal that the shear viscosity of bound hydration layers is intimately related to the water dipole rotational correlation times. Within the range of accessible shear rates in the MD regime 10 8 -10 12 s ÿ1 , we found that the shear viscosity of hydration layers with D 1:65 and D 2:44 nm thickness is quite close to the bulk value 1 cP. When the thickness of the hydration layer further decreases to D 0:92 nm, significant ''shearthinning'' occurs. However, this shear-thinning behavior is limited to shear rates greater than 10 9 s ÿ1 , which is very close to the inverse of the longest rotational correlation time of water dipole . When the shear rate is less than 10 9 s ÿ1 , the shear viscosity of the hydration layer reaches a Newtonian plateau around 0:042 Pa s, about one-half of the upper-limit value estimated in SFB experiment [9] . The fast translational diffusion of water molecules is maintained under this extreme confinement.
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Our molecular system consists of TIP4P [13] rigid water molecules, two mica clay surfaces, and potassium ions K which balance the negative charged mica surfaces due to the substitutions of Al for Si in the tetrahedral sheets [14] . For mica, we use 2M1-muscovite mica [15] , a 2:1 layered dioctahedral (hydroxy-) aluminosilicate with the muscovite formula KAl 2 Al; Si 3 O 10 OH 2 . Molecular interaction potentials (the half-layer model of mica surface [16] ) include water-water, water-cation, water-mica, cation-cation, cation-mica, and mica-mica, six interactions in total, which have been proved to be successful in predicting the swelling of clays [1, 16] . A bond constraint algorithm [17] for water molecules with a time step of 2 fs is implemented in MD simulation. Figure 1 shows the equilibrium molecular configuration of D 0:92 nm (384 water molecules) hydration layer confined between two half-layer mica sheets. Periodic boundary conditions are applied in the lateral (x and y) directions. The simulation unit lengths in the x and y directions are 41.53 and 36.06 Å , respectively, equivalent to 32 unit cells of the mica surface. Sixty-four potassium ions K are attached to the two mica surfaces to render the simulated system electrically neutral. The Ewald summation with a boundary correction term [18] is used to calculate the long-range electrostatic interactions for the 2D slab geometry. Our detailed structure calculations [19] show that adjacent to mica surface, the water oxygen density distribution for hydration layers thicker than 1 nm compares very well with the x-ray
The American Physical Society reflectivity measurements, and the K ions are only partially hydrated. A similar density oscillation has also been observed recently through Monte Carlo computer simulations focusing on the structure at a single surface.
To mimic the dynamics of the measurement system in SFB experiments [9, 10, 20] , the upper mica plate is connected to a driving stage through normal and lateral springs. In order to observe the shear dynamics in MD regime, we choose the dynamic inertia of the upper mica plate equal to 2000m where m is the oxygen atom mass. The force constants of the normal and lateral springs are selected to be 150 and 300 N=m, respectively, the same as those in SFB experiments [20] . The contact pressure between the two mica surfaces is controlled at 1.0 bar, and the temperature of the molecular system is controlled at 298 K by applying an external bath [21] perpendicular to the shear and normal directions.
In Fig. 2 , we show the variations of the shear viscosity versus shear rate for three different thickness of water layers: D 0:92, D 1:65, and D 2:44 nm. The three molecular systems correspond to 384, 768, and 1152 water molecules confined between two mica surfaces, which are periodically replicated in the plane parallel to the surfaces. Frictional dynamics of the upper mica plate are described in the similar way as in the atomic force microscope simulations in the constant-height mode [22] . The driving velocity v of the stage varies from 0:25 m=s (corresponding to the lowest shear rate for D 0:92 nm water film) to 600 m=s (corresponding to the highest shear rate for D 2:44 nm water film). Upon the initiation of shearing, the velocity of the upper mica plate oscillates around the driving velocity v, and the lateral spring force oscillates with a vibration frequency slightly lower than the system resonant frequency due to the fluid damping. The shear viscosity (as measured in SFB experiment) is calculated from the mean lateral spring force that calibrates the shear force at the molecular interface. Figure 2 clearly shows that for D 1:65 and D 2:44 nm water films, the Newtonian plateaus (1.54 and 1.08 cP, respectively) are quite close to the value for bulk TIP4P water (0:5 cP, obtained in nonequilibrium MD simulations [23] ), which underestimates the experimental viscosity of bulk water (0:894 cP [24] ) by 44%. When the thickness of water film further decreases to 0.92 nm (about three water layers and also comparable to the size of the partially hydrated potassium ions, see Fig. 1 ), at the higher shear rates significant shear-thinning occurs, but as we see in the figure, it transits to a Newtonian regime when the shear rate is less than 10 9 s ÿ1 . We will show later that this transition point corresponds to the inverse of the longest rotational correlation time of the water dipole . The Newtonian plateau of this ultrathin hydration layer is calculated to be 42 cP, or 80 times the bulk value. This is about one-half the upper limit (80 cP) estimated in SFB experiment [9] ; however, if we consider the experimental upper limit on the viscosity relative to the experimental bulk value, this ratio is 90, somewhat above what is seen in the simulation. Here, we stress that a one order magnitude increase in shear viscosity for D 0:92 nm hydration layer cannot be distinguished in the experiment due to the resolution limit of shear force response [9] . The error bars of shear viscosity at very low shear rates (the last three data) are less than 10% (i.e., less than the size of the curve symbol). At larger shear rates the error bars are even smaller (less than a few percent).
The origin of this persistent fluidity of water under extreme confinement compared to nonaqueous solvents can be probed by examining the rotational and translational dynamics of water molecules in the hydration layer. It is well known that confined liquids have a spectrum of relaxation times, whereas the transition to non-Newtonian fluids depends on the longest relaxation time [25] . Water molecules are very small polar molecules whose dynamics is dominated by their rotation and diffusion. For this rea- son, we first studied the reorientational autocorrelation functions for different unit vectors in the water molecule reference frame and found that the longest correlation time (or equivalently the rotational relaxation time) is associated with the water dipole . The rotational autocorrelation functions of water dipole for three hydration layers, defined as the first rank Legendre polynomial in NMR experiment [23] , P 1 t ht0i are plotted in Fig. 3 . Clearly, D 0:92 nm water film has a much longer tail than the other two thicker water films have. Decay of these autocorrelation functions from MD simulations is fitted by the Kohlrausch-Williams-Watts (KWW) stretched exponential function expÿt= [26] . The time integral of this function yields the corresponding correlation time , which has an analytical form given by =ÿ1= with ÿ as the gamma factorial function. The fitting parameters and correlation times for the three water films are listed in Table I . These rotational correlation times are much longer than the bulk water correlation times [23, 27] due to nm confinements and are also longer than the corresponding diffusion times (see below). The inverse of rotational correlation time signifies the transition shear rate beyond which fluid will behave non-Newtonian, accompanied by shear-thinning and rotational ordering [12] . These transition points are shown in Fig. 2 by arrows for the three different thickness water films. When shear rates are greater than these transition shear rates, shear-thinning becomes more obvious. Figure 4 shows the mean-square displacement (MSD) of water molecules in the lateral x-y direction for different hydration layers. The in-plane diffusion or residence times of water (the time taken to diffuse ca. 3 Å ) [5, 29] are represented by the intercepts between the line hjr xy tj 2 i 9 A 2 and the in-plane MSD curves, which are also listed in Table I . For comparison, the corresponding MSD curves for bulk water [28] (multiplied by a factor of 2=3) are also shown in the figure. We see that the diffusion times (or equivalently, the translational relaxation times) of water molecules in thicker water layers ( D 1:65 and 2.44 nm) are comparable to the bulk value, whereas the diffusion time of water in D 0:92 nm film is much longer. All of the diffusion times of water in hydration layers are shorter than their corresponding rotational correlation times, suggesting that the shear-thinning is governed by the rotational dynamics. However, in SFB experiments, the shear rates 6 1200 s ÿ1 [9] are many orders of magnitude lower than 10 9 s ÿ1 , which means that the high concentration salt solutions under extreme confinement are still Newtonian fluid. Surprisingly, if we assume that the thickness of K hydration shell is 3
A under this extreme confinement, then the mean residence time of bound water in D 0:92 nm hydration layer implies that the exchange rates of water molecules are at least 10 9 s ÿ1 . This validates the hypothesis of Raviv and Klein [9] that the surface-bound hydration layers under nanoconfinement can remain very fluid and, thus, are highly efficient lubricants.
Early MD simulations [12] of n-dodecane under nanoconfinement showed that when the solvent confined to sixmolecular-layer film, the rotational degrees of freedom are Ref. [27] . c Ref. [28] .
FIG. 4 (color online)
. Water oxygen mean-square displacements (MSD) in x-y plane as a function of time for different hydration layers and the bulk water (obtained by multiplying a factor of 2=3 of the 3D MSD of bulk water).
frozen out, and the in-plane MSD of molecular chains followed a power-law behavior. The ordered-layer structure of dodecane [12] film makes the nanoconfined material have somewhat solidlike behavior, such as the ability to sustain a finite shear stress and the stick-slip dynamics, as observed in SFB experiments [20] . Water is quite different from dodecane in that, as described above, the mobility of water molecules is still quite significant even under extreme confinement. Our MD simulations [19] also demonstrate that the partially hydrated K ions are strongly bound to the negative sites of mica surfaces even though the shear rates are extremely high. Contrary to MD simulations of nonassociative organic films [12] , our MD simulations do not show any ability of the bound hydration layer to sustain a finite shear stress and we do not observe any stick-slip instability -even under extreme confinement.
In conclusion, our MD simulations demonstrate the fluidity of the hydration layer under extreme confinement (from D 0:92 to D 2:4 nm), as observed in SFB experiments. The mechanism of this unexpected behavior has been well explained by the persistent mobility of water in the hydration layer, i.e., the fast rotational and translational dynamics of water molecules under this extreme confinement. These MD investigations of nanoconfined water at ambient condition will enhance our understanding of constraint aqueous fluids in many naturally occurring systems, such as biological and nanomechanical systems.
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